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Puffenberger, I.G., Hosoda, K., Washington, S.S., Nakao, K., deWit,Ret/TuJ1 ENS precursors within the colon. Increasing
D., Yanagisawa, M., and Chakravarti, A. (1994). Cell 79, 1257–1266.the concentration of GDNF in the cecum, however, cre-
Woodward, M.N., Kenny, S.E., Vaillant, C., Lloyd, D.A., and Edgar,ates a new problem. If the mitogenic signal is also the
D.H. (2000). J. Pediatr. Surg. 35, 25–29.primary chemoattractive signal toward which these cells
migrate, then why should ENS precursors migrate be-
yond the cecum? One explanation is that as these cells
proliferate in the cecum, they compete for the available
GDNF and then eventually migrate toward areas of the Synaptic Inhibition Mediated by Gliadistal bowel where there are fewer Ret-expressing cells
and more free GDNF. While this may be part of the
mechanism, these articles suggest that the high level
of ET-3 in the cecum also reduces the migration of neural It has become increasingly clear over the past several
crest cells toward GDNF sources and allows these cells years that astrocytes can release chemical transmit-
to migrate toward another, as yet undefined, trophic ters in response to the activation of neurotransmitter
factor. receptors. In this issue of Neuron, Zhang et al. demon-
While the manuscripts by Morrison’s and Pachnis’s strate that the regulated release of one of these glio-
research groups each individually provide new insight transmitters, ATP, mediates a form of heterosynap-
into the role of endothelin receptor B signaling in ENS tic suppression.
development, the contrasting results in these manu-
scripts demonstrate how complex the cell fate decisions Research over the last decade has changed our view
are that allow neural crest cells to populate the bowel. of the integrative capacity of astrocytes, a subtype of
The differences in response to GDNF and ET-3 between glial cell. Through groundbreaking work from several
NCSC and other early enteric neural crest derivatives laboratories, we now know that these cells are much
are particularly striking. The ability of NCSC to proliferate more than “glue”; they play essential roles in nervous
in culture in the absence of Ret (Iwashita et al., 2003) system development and function (Volterra et al., 2002).
or EDNRB (Kruger et al., 2003) signaling raises the possi- Some surprising observations have been made during
bility that these cells could be used to repopulate the this time. Astrocytes express a plethora of neurotrans-
distal aganglionic bowel in patients with Hirschsprung’s mitter receptors that can induce calcium signaling,
disease. This would then allow autologous transplants which in turn leads to the release of chemical transmit-
of NCSC to the distal bowel, eliminating the need for ters. But what are the roles of these gliotransmitters?
immunosuppression. The ability of these mutant cells In this issue of Neuron, Zhang et al. (2003) detail their
to form mature neurons or to establish an interacting elegant experiments that demonstrate that one of these
functional network of ganglion cells within the distal gliotransmitters, ATP, regulates synaptic transmission
bowel remains to be established. and causes heterosynaptic modulation between hippo-
campal neurons.
It is known that in area CA1 of the hippocampus, two-Robert O. Heuckeroth
thirds of the axon-dendritic spines are associated withDepartment of Pediatrics
a process of an astrocyte (Ventura and Harris, 1999).Department of Molecular Biology and
Much attention has been focused on this tripartite syn-Pharmacology
apse (Araque et al., 1999) for the uptake of chemicalWashington University School of Medicine
transmitters released at the synapse as well as for the660 South Euclid Avenue, Box 8208
regulation of energy transfer from the vasculatureSt. Louis, Missouri 63110
through the interposed astrocyte to the synapse (Neder-
gaard et al., 2003). Zhang et al.’s study adds to ourSelected Reading
understanding both by demonstrating that ATP released
Baloh, R.H., Enomoto, H., Johnson, E.M.J., and Milbrandt, J. (2000). from astrocytes leads to a depression of synaptic trans-
Curr. Opin. Neurobiol. 10, 103–110. mission and by showing that heterosynaptic suppresion
Barlow, A., de Graaff, E., and Pachnis, V. (2003). Neuron 40, this is modulated by the interposed astrocytes.
issue, 905–916.
Strengthening these studies is the fact that they were
Baynash, A.G., Hosoda, K., Giaid, A., Richardson, J.A., Emoto, N., performed both in cell culture, where synapses are more
Hammer, R.E., and Yanagisawa, M. (1994). Cell 79, 1277–1285.
readily experimentally accessible, and then in hippo-
Carrasquillo, M.M., McCallion, A.S., Puffenberger, E.G., Kashuk,
campal slices. Initially, using mixed cultures of neuronsC.S., Nouri, N., and Chakravarti, A. (2002). Nat. Genet. 32, 237–244.
and astrocytes, these researchers show that pharmaco-Gariepy, C.E. (2001). Pediatr. Res. 49, 605–613.
logical antagonists of metabotropic purinergic recep-
Gershon, M.D. (1995). Curr. Biol. 5, 601–604.
tors, P2Y receptors, augment synaptic transmission. Ex-
Iwashita, T., Kruger, G.M., Pardal, R., Kiel, M.J., and Morrison, S.J.
ogenous addition of ATP depresses the connection, an(2003). Science 301, 972–976.
action that is blocked by P2Y receptor antagonists, sug-
Kapur, R.P., Sweetser, D.A., Doggett, B., Siebert, J.R., and Palmiter,
gesting that there is a tonic release of ATP that de-R.D. (1995). Development 121, 3787–3795.
presses synaptic transmission. Modulation of these cul-Kruger, G.M., Mosher, J.T., Tsai, Y.-H., Yeager, K.J., Iwashita, T.,
tured synapses is judged to be presynaptic based on aGariepy, C.E., and Morrison, S.J. (2003). Neuron 40, this issue,
variety of approaches, including a reduction in somatic917–929.
calcium current, a decrease in mEPSC frequency, andMcCallion, A.S., Stames, E., Conlon, R.A., and Chakravarti, A. (2003).
Proc. Natl. Acad. Sci. USA 100, 1826–1831. a reduced stimulus-dependent depression of the con-
Neuron
874
nection. The extent of the purinergic depression of syn-
apses is regulated by synaptic activity. In intriguing ex-
periments using pairs of reciprocally connected neurons
cocultured with astrocytes, the study shows that brief
trains of activity in glutamatergic neurons cause a de-
layed depression of the reciprocal synapse through a
purinergic-mediated mechanism.
What is the cellular source of ATP release that de-
presses the synapse? Two possibilities were explored:
corelease of ATP with presynaptic glutamate and re-
lease of ATP from cocultured astrocytes. Because the
heterosynaptic depression of synaptic transmission is
initiated by glutamate released from synapses acting
on DNQX-sensitive non-NMDA receptors, the ability of
glutamate to evoke ATP release from purified astrocyte
cultures was evaluated using a chemiluminescence
assay. In concordance with previous studies, glutamate
was shown to evoke the release of ATP from astrocytes.
Although the mechanism of ATP release is not defined
and is indeed a subject of great debate in the field,
release was blocked by agents that block gap junctions
(e.g., octanol and carbenoxolone), as well as by fluoro-
acetate, a metabolic inhibitor that is selectively taken
up by astrocytes. With these tools it was then shown that
Figure 1. Heterosynaptic Depression between Hippocampal Syn-heterosynaptic depression was prevented when ATP
apses Mediated by Transmitter Released from Astrocytes
release was blocked using these agents, though base-
Stimulation of Schaeffer collaterals (S1, 10 Hz, 1 s) leads to a depres-line transmission and suppression due to direct applica-
sion of nonoverlapping synaptic inputs (S2). Synaptic stimulation
tion of ATP were unaffected. Because control experi- causes the release of ATP from astrocytes, which, after conversion
ments show that neither of these agents affects the to adenosine, causes a presynaptic inhibition () of transmitter re-
lease.small amount of ATP released from neurons, the sim-
plest conclusion is that purinergic receptor-mediated
heterosynaptic depression is mediated by synaptically
released glutamate that stimulates the release of ATP degrade ATP ultimately to adenosine within nervous
from the adjacent astrocyte, which in turn acts on the tissue.
presynaptic terminals to depress transmitter release. The ability of a gliotransmitter ATP (or adenosine) to
One must always be concerned about the pharmaco- mediate heterosynaptic depression raises several inter-
logical selectivity of these types of agents. Thus, experi- esting questions and leads to provocative speculation
ments were repeated in glial-free cultures. In this condi- about integration in the nervous system. Together with
tion, neither the tonic purinergic receptor-mediated the results of a recent study by Eric Newman’s group,
suppression of the synapse nor the heterosynaptic de- which has shown that ATP released from Muller glial
pression of the connection were detected. Together cells of the retina causes an adenosine-dependent de-
these data provide strong support for the notion that crease in ganglion cell excitability (Newman, 2003), this
synaptic activity regulates the amount of ATP released study suggests that GABAergic interneurons are not the
by astrocytes and that activity-dependent release of only cells to mediate inhibition in the nervous system.
glial ATP mediates heterosynaptic depression. Indeed, astrocytes provide a second wave of inhibition.
These cell culture studies set the stage for the experi- The peak of astrocyte-mediated heterosynaptic de-
mentally difficult task of determining whether such a pression was present 500 ms following activation of
mechanism of astrocyte-neuron signaling regulates syn- the glutamatergic neuron. The timing of the delayed
aptic transmission in situ. Studying this bidirectional inhibition may set the limits on a temporal window for
signaling is complex in slice preparations. However, be- associations between neighboring synapses; that is, fol-
cause of the precise experiments performed in cultures, lowing the initial activation of a synapse, which initiates
it was possible to use reagents with relatively defined the delayed release of ATP from synaptically associated
targets of action. To study heterosynaptic interactions, astrocytes, there is a brief window of time in which
two stimulating electrodes were placed in stratum radia- adjacent synapses can faithfully transmit. However, as
tum to activate nonoverlapping inputs to CA1 pyramidal ATP is released from the astrocyte and converted to
neurons. Brief stimulation of one input (S1, 10 Hz, 1 s) adenosine, presynaptic inhibition of these neighbors will
suppressed the second input (S2, Figure 1) through the reduce the efficacy of these synapses (Figure 1, inset).
interposed astrocyte which released ATP (white arrow). How spatially confined is this glial-mediated lateral
In hippocampal slices, the results were essentially iden- inhibition? Because synaptic activity can cause local-
tical to those observed in culture. An important distinc- ized calcium elevations that are either restricted to mi-
tion, however, was that adenosine, not ATP, mediated crodomains of a single glial cell (Grosche et al., 1999) or
synaptic depression. This difference was shown to be able to spread further throughout the cell with enhanced
synaptic stimulation, the distance over which astrocyte-due to the enhanced activity of ectonucleotidases, which
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the astrocyte. Under some conditions it may be highly
localized to only a few adjacent synapses, while under
others it may be distributed and act on literally hundreds
of thousands of synapses (Bushong et al., 2002).
The study presented in this issue of Neuron provides A Gradient of Single-Channel
insights into a new form of synaptic inhibition. However, Conductance in the Cochlea:in order to understand its role, more selective reagents
that can be targeted in a cell-specific manner to this Tuning the Cochlea’s Strings?
particular pathway will be needed. An understanding of
release mechanism is essential to allow the power of
molecular genetics to be brought to bear on this fasci-
Frequency tuning in the vertebrate cochlea requires anating physiological problem. Not addressed in this
continuously varying amplifier in auditory hair cells. Instudy is the role of glutamate, another prominent trans-
this issue of Neuron, Ricci et al. show that the mecha-mitter that can be released from astrocytes (Parpura et
nosensitive transduction channel, a possible amplifieral., 1994). Are ATP and glutamate coreleased from the
component, has a single-channel conductance thatsame type of astrocyte through similar or distinct mech-
increases systematically along the frequency axis ofanisms? Since astrocyte-derived glutamate has been
the turtle cochlea.shown to be capable of facilitating neuronal NMDA re-
ceptors and synaptic transmission (Araque et al., 1998;
Kang et al., 1998), it will be intriguing to determine how Hair cells in the mammalian cochlea respond to sound-
these two gliotransmitters interact on common targets. induced vibration of the basilar membrane on which
Moreover, since astrocytes change structure and pro- they ride and convert the mechanical vibration to a neu-
tein expression in a variety of neurological disorders, ral code. Remarkably, they simultaneously amplify that
including epilepsy, the time is ripe for focusing attention vibration in a frequency-specific manner, both increas-
on modifications to gliotransmission and for determining ing the sensitivity of the cochlea by 100-fold or more
whether this may be a contributing cause of modifica- and sharpening its frequency tuning. Because the tuning
tions of neuronal excitability associated with such disor- varies continuously along the length of the cochlea (by
ders. Perhaps we have been looking under the spotlight three orders of magnitude in humans, from 20 Hz to 20
while a prominent source of synaptic regulation has kHz), there must be molecular features in the amplifica-
been hidden in the shadows. This and other recent stud- tion mechanism that also vary continuously. Thus far,
ies have turned on a new beam; we should explore such systematic molecular changes have not been ob-
further to see what it reveals. served; indeed, the nature and molecular identity of the
amplifier is a subject of much debate. In this issue of
Neuron, Fettiplace and colleagues (Ricci et al., 2003)Olivier Pascual and Philip G. Haydon
describe a systematic variation in the single-channelDepartment of Neuroscience
conductance of the mechanosensitive hair cell trans-University of Pennsylvania School of Medicine
duction channel, one possible component of an ampli-Philadelphia, Pennsylvania 19104
fier complex. In the turtle cochlea, they observed that
conductance increases perhaps 5-fold from the low-
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